The driving safety of heavy-haul train is affected by the train's traction weight, the length of train, the line profile, the line speed limit, and other factors. Generally, when the train is running on a continuously long and steep downgrade line, it needs using the circulating air braking to adjust speed. When it is braking, the brake wave is transmitted non-linearly along the direction of the train. When it is relieved, it must be ensured that there is sufficient time for the train to be inflated. Therefore, it is difficult to ensure the safe operation of the heavy-haul train. In this article, a new method of the train's driving strategy based on improved genetic algorithm is proposed. First, a mathematical model for the operation of heavy-haul train is established with multiple parameters. Then, according to the improved genetic algorithm and the mathematical model of the heavy-haul train, the driving strategy of the chromosome of the train is studied. Finally, the driving curve which can ensure the safe running of the heavy-haul train can be obtained. By comparing the simulated driving curve with the actual one, the results show the effectiveness of the proposed method.
Introduction
During the driving process of the heavy-haul train, the train will be subjected to the joint force in the transverse, longitudinal, and vertical directions in the course of operation, and the force condition is more complicated. 1 Lateral dynamics mainly affects the stability of train's operation. The force in the vertical direction is mainly the support force of the train. The safe operation control focuses on the relationship between the force and the acceleration during the train's operation, so the longitudinal stress of the train along the track direction is mainly considered. The safe operations of heavy-haul trains are subjected to many restrictions in practical applications, and their performances are related to many complex factors, such as traction force, train's length, speed limitations, and continuous long and steep downgrade grades. In particular, when the train is running in the section that the line grades change frequently, the train's braking or traction always makes the longitudinal impulsive force of the train intensified, and the longitudinal force of each vehicle is increased. For heavy-haul trains with air braking, the vibrated longitudinal force can cause more 1 severe damages. In specific, the change in longitudinal force brings changes in the longitudinal length of the train, which eventually transforms the train into a complicated vibration system of multi-degree of freedom. In practice, it is a big challenge to ensure the safety of running trains on heavy-haul lines. This article aims to propose a scheme based on the conditions of railway lines (line grade, length, speed limit, etc.) and the situation of the train marshalling (which includes traction weight of trains and the train's length) to obtain a optimal driving strategy of train to ensure the safety of the running train.
There are many existing studies on the control strategy of rail transit trains. In terms of urban rail transit, the dynamic adjustment of train's operation process was realized using the fuzzy self-tuning control strategy of differential evolution in Chang and Xu. 2 Mitsukawa 3 carried out an expert system to realize the control of the automatic speed of the rail transit train. An automatic control of train is realized by combining a fuzzy control and predictive control algorithm in Yu and Chen. 4 But this algorithm had high computation complexity, and it needs to take a large amount of computing resources. Yu et al. 5 proposed a particle swarm optimization algorithm to achieve multi-objective train control, which, however, is time consuming for practical implementations. Xun et al. 6 presented a cellular automata to realize the multi-objective optimal control of train's operation process. But the considered factors in this study are not comprehensive, such as the track of the running of the train and the operation curve. Zhao and Gao 7 studied a method of automatic operation of urban rail transit trains based on improved predictive control. This approach uses a way to reduce overshoot to optimize multiple targets. And multi-step prediction, online optimization, and feedback correction of the optimization results were also carried out. Hou et al. 8 discussed an application based on the model-free adaptive control of train control and parking algorithm. This algorithm achieved a good control effect by iterative learning of train's operation data. Yin et al. 9 proposed an intelligent train operation algorithm for subway by expert system and reinforcement learning, which can obtain a good result in train's energy-saving and time-saving for urban rail transit.
In high-speed railways, a parameter identification technology based on the train's model of train's operation control system was employed. 10, 11 Song and Song 12 adopted an adaptive control technology, which can realize the automatic speed control of the train. Li 13 studied an optimization strategy of electric multiple unit (EMU) operation and proposed a rolling optimization by the method of evaluation of the advantages of extension theory. Feng 14 presented a linear quadratic regular (LQR) control algorithm into automatic train control (ATO), and many of its performance targets achieved good results. Li 15 proposed an adaptive control algorithm of high-speed train to control the speed. And a Lyapunov function was used to calculate the mass of the train under stochastic variation. During the course of train's operation, Sandidzadeh and Shamszadeh 16 discussed a kind of fuzzy control rule combining the actual driving experience to improve the control effect.
Nevertheless, it is worth mentioning that the existing control strategies on urban rail trains and high-speed trains are difficult to be applied to the heavy-haul railway due to the following reasons:
1. The length of the heavy-haul train can be very long and each train can be composed by more than 100 vehicles. And the maximum length of the train is more than 1.5 km. 17 When the train is using the air braking, there is a huge elastic deformation force produced by the changes in internal longitudinal movement. Meanwhile, the whole train, like an elastic mechanical vibration system, has longitudinal tensile and compression. In the operation of urban rail transit and high-speed railway, the train connection is considered to be rigid, indicating that there is no tension and compression change. 18 In the urban rail transit train, there are many power vehicles. The train usually uses a power vehicle to drag a carriage. Therefore, when the train is braking or in traction, its internal longitudinal force change is relatively small and the train's integrity is good, while heavy-haul trains are single locomotive, pulling hundreds of vehicles. When the train is accelerating or braking, the longitudinal force of the train changes greatly and it is very easy to damage the coupler, causing accidents. Therefore, when calculating the driving strategy of the heavy-haul train, it is particularly needed to consider the effect of train's longitudinal forces. 2. The heavy-haul train in the long and steep downhill needs to take the circulating air braking to adjust the speed. 19 And in this process, the transmission of air-braking wave has nonlinear characteristics, which may easily cause fracture of coupler under the condition of improper driving strategy. Since urban rail transit and high-speed railway line have small gradients, the train mainly adopts the dynamic braking to realize the synchronous adjustment of the speed. So, the driving strategy of the heavy-haul train must take into account the safety of trains running on long and steep slopes. 3. The equivalent virtual braking distance and time are mainly related to the length of the train and the number of vehicles. The number of vehicles in each heavy-haul train is more than that of urban rail trains and high-speed trains, which will inevitably lead to a long braking time and distance of the heavy-haul train. In addition, the pressure gradient of long trains has an effect on the braking force of the rear vehicles. So, when the train is braking, if the braking time and distance cannot be calculated accurately, it is prone to exceed the speed limit and it cannot guarantee that the train has enough air-filled time, which is likely to cause accidents.
Many scholars are studying the driving control technology of heavy-haul trains, and they have made a lot of achievements. Chou et al. 20 analyzed the train's longitudinal impulse of the heavy-haul train equipped with electrically controlled pneumatic (ECP) braking system and designed the LQR closed-loop optimal controller based on full-state feedback.
In addition, when we analyze and calculate the longitudinal force of the train in our study, the method we used refers to the method of the cited article. Also, our work is inspired by this article in terms of train's modeling and the validity description of the result. Khmelnitsky 21 proposed the decentralized control model to control the speed of a single vehicle. But the complexity of the algorithm is very high. Wong and Ho 22 took advantage of crossover and selection mechanism of genetic algorithm and heuristic search to obtain the train's coast points. But when the input data were large, the algorithm took a long time. Wang and Ma 23 carried out a basic principle and methods of artificial intelligence to the research on the expert system of the control technology of the heavy-haul train. But the subjectivity of expert system was much stronger, and it was difficult to obtain the database. Huang et al. 24 proposed a back propagation (BP) neural network algorithm to model the train's braking operation process. But the method needed a large number of actual driving data for neural network learning. Qin et al. 25 studied a fuzzy control strategy to analyze the whole operation process of the heavy-haul train. Kang 26 proposed the predictive control theory to estimate the train's running speed, and a good result was obtained using this method to determine the train's working condition conversion point. Ke et al. 27, 28 presented a max-min ant algorithm based on the fuzzy control algorithm, which studied the train's operation control strategy under the condition of variable ramp and variable speed. Bing et al. 29 explored an ATO control strategy designed by combining fuzzy control with proportional-integral-derivative (PID) control method. The train's operation model is established by extracting the experimental data, which improves the system response speed and accuracy. Khmelnitsky 21 considered the specific constraints (such as temporary speed limit, line condition, and running time) and proposed an iterative algorithm to solve the velocity curve. The driving model based on the traction characteristics of speed and displacement is established, which took the kinetic energy as the state variable. Howlett and colleagues 30, 31 carried out the maximum principle for optimal operation strategy of train. For different trains and different ramp lines, the mode conversion condition of train's energy-saving driving is studied. Vu 32 proposed a control strategy based on Pontryagin principle to help train stay on time and reduce energy use. Zhang and Zhuan 33 tried to schedule the train during a long period of travel in a model predictive control (MPC) framework and designed an optimal control methodology for heavy-haul trains with the objective to optimize the train's operation in terms of energy consumption, velocity tracking, and operation safety. Zhuan and Xia 34 proposed an approach of output regulation with measurement feedback for the control of heavy-haul trains.
When a new heavy-haul line is opened, it is necessary for experienced drivers to drive the train for many times to obtain the driving curve to ensure the safe driving of the train. There are huge security risks. The method proposed in this article can be used for different train groups and different line information, and automatically generates the driving curve to ensure the safety of trains. First, we establish the running equation of the train by analyzing the force of the train in the running process on the line, and find the train's operating constraints, such as running time, distance, speed limit, and line gradient. The formulated model is a nonlinear optimization problem with complex constraints. In this article, the constraints of several conditions are transformed into penalty functions and the problem is converted into a nonlinear unconstrained problem. Second, the genetic algorithm is developed, in which the first step is to encode the driving control model of the train. The running state of the train in the interval is mainly decided by the combination order of four kinds of working conditions, that is, traction, inertia, dynamic braking and air braking, and the position of switching. In this article, the train's running condition and location are used as variables to encode the chromosome. Thus, the sequence of these conditions constitutes the gene of the chromosome. And the operating conditions are calculated according to the constraints of the train's traction calculation, running time, and air-braking characteristics. Then, we calculate the fitness function from the two aspects of speed and punctuality rate. Finally, in the process of propagation and evolution of genetic algorithm, we use selective replication operator, crossover operator, and mutation operator to get the simulation results and verify the results.
Since the line conditions of the heavy-haul train are complicated, on the one hand, the data of train's running time, distance, line speed limit, and line gradient are considerable; on the other hand, the constraints on the train control model will also increase. As well, the number of train groups is increasing, which will inevitably lead to the deterioration of the air braking and the multiplied increase in the longitudinal force. In this case, the calculation of traction calculation and air braking can be very complicated. The traditional genetic algorithm always falls into the local optimal solution and causes premature. And it is generally unable to find a global operation strategy to ensure the security, or it is difficult to find the optimal solution to solve the problem in a finite time. Therefore, the improved genetic algorithm is adopted in this article to overcome this issue.
In this article, we propose an improved genetic algorithm. To avoid emergence of premature caused by not finding the global optimal driving strategy, the strategy of multi-populations evolving in parallel is employed. Different populations use the same genetic strategy, and the various populations are not able to interchange information until they meet the conditions. So, the performance of the algorithm can be improved.
In addition, due to the huge amount of data that the train needs to process, an adaptive adjustment strategy of crossover operator and mutation operator parameters is used to ensure that the algorithm can obtain the results in a reasonable time. When the number of outstanding individuals in the population increases, the probability of crossover and mutation operators will become smaller and smaller, so as to ensure the optimal solution in the population proportion increases.
Train's operation equation and improved genetic algorithm
In this article, an appropriate model to study the train's operation was established according to the train's position, speed, and line ramp's slope and length, speed, and other parameters, combined with the analysis of longitudinal force dynamics along the running direction of the train.
And then, using the natural selection and genetic mechanism of genetic algorithm, the running process of the train is studied by means of adaptive global optimization. 35 
Train's operation equation
When the train does not brake, the brake pipe pressure is kept constant which is generally 500 or 600 kPa. But when the train implements air braking, the pressure of the train pipe is reduced to slow down the speed of the train. The train's decompression is nonlinear. When the train is filled with wind to relieve braking, air braking cannot simultaneously achieve remission of all wagons, because relief wave is transmitted from the front to back by the vehicle. So, it needs time to ensure the braking ability next time. When the train is in the continuous long and steep downgrade sections, the train needs a cycle of air braking. Therefore, it is difficult for the driver to operate. In this article, we study the train's running in the following situation.
Assume that there are two or more continuous downgrades in front of the running line, and the length of the front downgrade is not less than 2 km. As shown in equation (1) 
where j(&) is the gradient, s (m) is the slope length, and i represents the ith downgrade of the line.
In the running direction of the heavy-haul train, the traction force, the braking force, the basic resistance, and the additional resistance are four different types of forces. Among them, the basic resistance includes mechanical resistance and aerodynamic resistance, that is, friction resistance of axle bearings, rolling friction between wheel and rail, sliding friction resistance between wheel and rail, impact resistance, and air resistance.
When calculating the equation of train's motion, we take a locomotive or vehicle as a unit, simplify it as a particle, and analyze the stress situation of each particle. A particle chain can be formed by connecting a plurality of locomotives or vehicles together. The model can accurately reflect the force of the train at the variable slope point and variable curvature point.
The force analysis is shown in Figure 1 . As shown above, for the analysis of the nth vehicle, we define that N n is the force that the ground support for the train, G n is the train gravity, and B i is the braking force of the nth vehicle. When there is only dynamic braking on the ith vehicle, the value of it is the dynamic braking force. When the ith vehicle has air braking, the value is the air-braking power. When the two forces of the ith vehicle exist, there is the sum of the two braking forces. W 0n is the basic resistance of the nth vehicle, W fn is the additional resistance of the nth vehicle, F qn is the front coupler force, and F hn is the rear coupler force. We can get the force analysis of the nth vehicle as follows
where C n is the resultant force of the nth vehicle. M n is the mass of the nth vehicle, and a n is the acceleration of the nth vehicle. According to Zhao and Wu, 36 when the train is running on the line, it still has a rotary motion while making a translational motion. In the process of energy conversion, not all kinetic energy can be converted into the train to run forward energy. Part of it is converted into the energy of the mechanical transmission within the train. g is the moment of inertia of nth vehicle. In this simulation, it is a constant, with a value of 0.06.
Then, force conditions of the locomotive and the vehicle are shown in the following formula
. . .
The rear coupler force of the ith vehicle is equal to the front coupler force of the i + 1 vehicle, that is,F hi = F qi + 1 .
Then, we consider the calculation of the additional resistance, that is, the force that the train encounters under slope, curve, and tunnel conditions. The additional resistance will be assigned to the average length of the train. In the process of traction calculation, the additional resistance for each step is calculated as the slope of the area covered by the train. The additional resistance 36 of the train's position can be expressed as
where N 1 , N 2 , and N 3 represent the total number of slopes, curves, and tunnels, respectively. l is the train's length, and i i and l i are the slope and length of the ith downgrade covered by the train, respectively. l qi and R i are the calculated length and radius of the ith curve covered by the train, respectively. v si and l si are the unit tunnel resistance and length of the ith tunnel covered by the train, respectively. There are many factors that affect the basic resistance of the train's operation, including the friction between the train and air, the impact between the internal components of the vehicle, and the friction between the rail and the train. The Davis formula 36 is used to describe the unit force
where d, b, and c represent the constants that vary with the vehicle, and v is the velocity.
Train's braking force is in contrast to the direction of the train's operation and imposed by different types of braking devices. The size and the action time of the braking force can be adjusted by the driver.
It is pointed out by Zhao and Wu 36 that, the airbraking effect of heavy-haul train is realized by train pipe decompression and brake cylinder inflation. The air braking of heavy-haul trains is a gradual process, and the braking force of the whole train is not immediately produced. Train's braking force is caused by passing air wave. Braking power from the first to the last one takes a certain amount of time, and the length of the time is related to the braking speed of the brake. The specific parameters are shown in Table 1. 103 is the selected type of train brake, so the train brake wave velocity is 180 m/s. The pressure change of the brake cylinder is shown in Figure 2 .
As shown above, when the train starts braking, the pressure gradually rises to the maximum along the AB line, and then the maximum value remains the same. To study the braking problem of the train conveniently and effectively, the braking force is simplified under the condition that the braking distance is constant. The change of braking force is simplified into two stages. For a period of OE, the braking force is 0, and after the E point, the braking force becomes the maximum. The calculation formula 36 is as follows
where K is the pressure on the single shoe, u k is the nominal friction coefficient and the formula can be queried through the regulations on railway train traction, d z represents the diameter of the brake cylinder, p z indicates the air pressure of the brake cylinder, h z is the transmission efficiency of the braking apparatus, g z represents the braking leverage, n z represents the number of brake cylinders equipped with a train, n k represents the number of brake shoes installed in a single vehicle, r z represents the radius of the brake disc, and R c indicates the radius of the wheel. When the train is selected, it is possible to see that the size of the braking force is merely related to the speed of the train and the relevant operation of the brake. When the train is running, the locomotive traction is related to the train's speed under the certain motor parameters. When we calculate the traction force, a certain margin should be taken into account and take 90% of the maximum traction force.
Based on the descriptions above, we know that the train is subjected to a variety of forces at the same time in the process of operation and the actual running state of the train is determined by the co-action of all forces acting on it. The resultant force of the train can be expressed as follows
where n is the total number of wagons in the train, C is the resultant force of the train. During the operation of the train, there is still a rotary motion, and the train's running time and distance equations are
where c is the unit resultant force of the train; S, v, and t denote the running distance, speed, and time, respectively; and z is the acceleration coefficient 36 as
where M is the mass of the whole train, I is the rotational inertia of the rotary motion part, and R h is the radius of gyration of the rotary motion part.
Improved genetic algorithm
Genetic algorithm is based on the operation of all individuals in the population. The algorithm selects individuals based on their individual fitness values in the problem domain, and reengineering methods are borrowed from natural genetics to generate the optimal solution to the problem. This process leads to the evolution of individuals in the population. The optimal solutions of many nonlinear complex systems can be obtained by genetic algorithm, but in this article, the safe driving curve of the heavy-haul train needs to be obtained. As constraints, a complete interval line data and vehicle information and grouping information, including the speed limit of the line, the line slope, the length of the train, the train traction calculation, and other data, are needed. To avoid the local optimal solution, guarantee the global safe driving strategy, and get the optimal solution of the problem in a reasonable time, an improved genetic algorithm is adopted in this article. Compared with the traditional genetic algorithm, it has the same basic principle, but has been improved in the following aspects:
1. In this article, we use the strategy of multiple subpopulations to evolve in parallel, the genetic information can be exchanged between the sub-populations, but no interference will occur. 37 We obtain the optimal solution of the continuous evolution of sub-populations. Until the condition is satisfied, the optimal solution of all sub-populations is finally compared, and then the global optimal solution is obtained. The superiority of this approach is embodied in the independent evolution of each sub-population so as to ensure the diversity of the population. Even the local optimal solution of the individual population will not have a great impact on the overall results. 2. Due to the huge amount of the train line data and the train formation information, including the line speed limit, slope, train length, line length, and other data, it is difficult for the algorithm to obtain the result in a reasonable time interval. In this article, we adopt the adaptive adjustment strategy of crossover operator and mutation operator. According to the fitness of each subpopulation in the evolutionary process, the crossover probability and mutation probability of the individual within the population are determined. The probability of crossover and mutation operators will become smaller and smaller, so that the proportion of the optimal solution in the population will increase continuously.
In this article, the process of improving genetic algorithm is shown in Figure 3 .
The steps of improving genetic algorithm are described below:
Step 1. The parameters needed for the improved genetic algorithm are initialized, such as population size, maximum genetic algebra, the use of the generation gap, the number of species, individual accuracy, the crossover probability of individuals, and individual variation probability.
Step 2. Reading enough traffic data, including the line data (line length, speed data, and slope data) and train data (total weight of the train, train's locomotive traction, train's air-braking characteristics, and train marshaling data), and calculating the running equation of the heavy-haul train.
Step 3. Key point code. Runtime state of the heavyhaul train mainly includes four conditions, namely, locomotive traction, coasting, braking resistance, and air braking, which is decided by their switching position. In this article, the train's running condition is used as the gene to encode, where the sequence of these conditions constitutes the gene of the chromosome. The operating conditions are calculated according to the train's traction calculation, the running time, and the condition of air brake characteristic. Using real-number encoding, and initializing the train's conditions of the line, a chromosome represents a control plan with multiple genes to generate an initial population. To ensure the diversity of the populations, each population is randomly generated in the initial conditions, so every working sequence in the population is not same in the initial populations.
Individual genes GK i represent a condition; its value and working conditions are shown in Table 2 .
[0,1), [1, 2) , [2, 3) , and [3, 4) in Table 2 , respectively, represent the locomotive traction condition, coasting condition, braking resistance, and air braking condition of the train. And each condition is calculated as follows.
Assume that the running length of the section is represented by L, and it can be divided into N sections by dividing the position of the transition point.
When GK i is the air brake condition
When GK i is the coasting condition
When GK i is the locomotive traction condition
When GK i is the braking resistance condition
where F i is the traction of the train in the ith section, B i is the air brake force of the train in the ith section, Bd i is the braking resistance force in the ith section, W fi is the additional resistance of the train in the ith section, W 0i is the basic resistance of the train in the ith section, a i is the acceleration of the train in the ith section,
is the end speed of the train in the ith section, v (i,0) is the initial speed of the train in the ith section, t i is the train's running time in the ith section, l i is the length of the ith section, m is the quality of the train, and i is the ith section of the front line of the train's running. Changes in gene values mean changes in conditions. The quality of the gene is evaluated according to the function value of the fitness function.
Step 4. Calculate the fitness function.
To ensure the safe operation of the train, the heavyhaul train in the Shuo Huang Railway needs to adopt the circulating air brake when it is running on a continuously long and steep downgrade. When the train adopts circulating air braking, to ensure enough wind pressure on the next brake and make the train safe to brake next time, we must ensure that the train has enough air-filled time. If there is not enough time to fill the air, it will endanger the safety of the train, so the charge time must be controlled in a reasonable range. Therefore, the train's running time is regarded as one of the indexes of fitness function. To ensure the safe operation and efficiency of the train, there is a constraint on the position and speed of the relief point and brake point. If the speed of the train in these positions does not meet the constraints, it will directly lead to the overspeed of the train and endanger the safe driving of the train. Therefore, the train's running speed is used as the index of the fitness function. In this article, the two aspects of the speed and running time of the fitness value are calculated. Any chromosome in the population corresponds to a sequence of train's working conditions. The quality of the sequence is mainly expressed by the fitness function value of the chromosome. The fitness function is transformed from the objective function. The fitness value represents the probability of the individual to the next generation, so it must be nonnegative.
According to the fitness function of heavy-haul train's driving strategy, this article mainly calculates the fitness value from two aspects of overspeed and running time.
Overspeed fitness function
To ensure the safety of train's operation, the train speed should be avoided exceeding the speed limit. To avoid the emergence of speeding queues, the overspeed fitness function is used as the basis for judging the evolutionary process of the population. Therefore, we get the criterion of overspeed fitness function
where K vi is the index to judge whether each acceleration change point is over speed, v i is the speed at which each acceleration changes, v lim is the speed limit of each acceleration change point, n is the number of acceleration change points, and K v is the overspeed fitness function value.
Running time fitness function
To ensure that the difference between the running time of the train and the running time of the plan is within the allowable range of the error, the difference is taken as the judgment index of the running time fitness function of heavy train
where T r is the actual running time, T p is the planned run time, and K t is the running time fitness function value. In summary, the two fitness functions have different effects on the control optimization of heavy-haul trains. To take into account both, in this article, the overall fitness function can be expressed as
Running time and running speed are two different factors, resulting in two optimization directions for the algorithm; the w 1 and w 2 are both 0.5 and the weighted sum is 1 using the target weighting method. And the two evolutionary directions have been integrated into one objective function. 38 According to the operation evaluation index mentioned above, combined with the running characteristics of heavy-haul train running in a continuously long and steep downgrade, the following optimization model can be established
where F c is the target optimization function. The constraints are as follows
where v min is the minimum release speed for heavy-haul trains. In general, the value is not less than 30 km/h. v lim is the smaller one in the static speed limit and the temporary speed limit. t c is the air-filling time of the train pipe, t k is the empty travel time of the train, and t z is the time of the increase in train's speed at which the train is coasting between two braking cycles.
Step 5. Determine whether the iteration termination condition is satisfied. If satisfied, turn to step 7; if not satisfied, turn to step 6.
Step 6. Operator part. First, the number of genetic iteration increases by 1. Second, there are three genetic operators in the calculation, that is, selecting operators, crossover operation, and mutation operation. The selecting operations are based on the individual fitness to determine the genetic opportunity for future generations. The law of individual being selected is as follows
where Fit i is the fitness value of the individual. Individuals with higher fitness are selected to enter the next generation. The crossover operation mainly consists of two parts: adaptive crossover rate calculation and crossover calculation.
The calculation of crossover rate P C is the probability that generations of individual genes are exchanged after two generations of genes, and it will generate two new offspring after the process. With continuous superposition of genetic algebra and optimization of population, the probability of cross breeding among individuals should also be adapted to the change of the evolutionary algebra. In this way, the population has a high convergence rate.
In this article, the calculation formula of P C is as follows
where Fit max is the maximum individual fitness in the current population. Fit avg is the average fitness of the current population. Fit# is the larger fitness values between two individuals involved in the crossover operation. K 1 and K 2 are positive constants that cannot be greater than 1. The value of K 2 is relatively large, so that the individuals involved in the crossover operation are more likely to be exchanged. The value of K 1 is relatively small. After the crossover rate is obtained, the crossover calculation can be performed. The mutation operation includes two parts: adaptive mutation rate calculation and mutation calculation. The calculation of mutation rate P m is the probability of mutations in alleles in the chromosome, which serves to prevent premature convergence and maintain population diversity. However, with the increase in the number of outstanding individuals within the population, the mutation rate should be gradually adaptive to the change. The calculation formula of P m is as follows
where K 3 and K 4 are positive constants that cannot be greater than 1. The value of K 4 is relatively large, which makes an individual, who is involved in the mutation, have a higher probability of being destroyed. The value of K 3 is relatively small. After the mutation rate is obtained, the individual is subjected to mutation calculation. After three kinds of genetic operators, the population has been evolved, resulting in a new sub-population. And then return to step 4 to calculate the fitness of the individual.
Step 7. Get the current optimal case sequence, then calculate the train's running equation under this scheme, and get the optimal driving curve of the heavy-haul train.
Research on driving strategy algorithm
In this article, the specific driving strategy research process is shown in Figure 4 .
Step 1. Determine whether the train meets the constraint condition (1), if satisfied, proceed to step 2; otherwise, continue to query the judge. Step 2. Gather the parameters of the train, including the speed, position, traction weight, train's length information, and air brake information, when the train enters the restraint condition.
Step 3. Collect the line information in front of the train, including line speed limit, temporary speed limit, line slope, length, and other information.
Step 4. The train parameters in step 2 and the line data obtained in step 3 are taken as input parameters to obtain the train's running equation.
Step 5. The train's running equation is coded as the key point coding part of the genetic algorithm, and algorithm operations are then performed.
Step 6. After the algorithm is calculated, the optimal operating sequence is obtained.
Step 7. According to the optimal working sequence, the train's driving curve is drawn.
Step 8. If the request is satisfied, the operation ends, go to the next cycle of control; otherwise, re-cycle.
In consideration of above situation, it is necessary to consider the following restraint conditions in the process of the heavy-haul train operation
In the conditions described above, r is the effective decompression target value and b c is a sign of emergency braking. When the heavy-haul train tube's pressure is 600 kPa, to reduce the role of the internal longitudinal train force, the effective decompression value, that is, r is 40-170 kPa; when the train is in the usual braking, the decompression value is usually not more than 100 kPa. When applying emergency braking, the initial braking speed, that is, v 0 should not be less than 40 km/h; when braking is carried out and its speed v is less than 30 km/h, no air-filling mitigation action will be performed until parking. t c is the air-filling time of the train pipe, t k is the empty travel time of the train, and t z is the time of the increase in train's speed at which the train is coasting between two braking cycles.
Simulation cases and result analysis

Simulation parameters
The simulation experiment is realized using MATLAB simulation software. Taking the heavy-haul train as the research object, the driving strategy of the heavy-haul train's running on the section of the three-aspect automatic block line is studied.
It is known that the length of sections is 25,950 m and the planned operation time is 26 min, that is, 1560 s. The speed that the train runs into the constraint model is set as 64 km/h, and the general decompression value is 50 kPa. First of all, the simulation parameters of the system are collected. According to Figure 3 , the parameters mainly include the simulation of the basic line data and train data.
Line data mainly include interval length, line speed limit, line slope, and its length, which are shown in Table 3 .
The train data mainly include locomotive and vehicle type, grouping mode, train length, train traction weight, and train pipe constant pressure. The data are shown in Table 4 .
The control parameters of the genetic algorithm are shown in Table 5 .
Results and analysis
When the train satisfies the constraint condition (1), the above train parameters and the line parameters are used as inputs to calculate the train's running equation, then the train's operating equations and the control parameters of the genetic algorithm are brought into the genetic algorithm, and the optimal operation sequence of the train is calculated as shown in Figure 5 . Figure 5 is the optimal solution of genetic algorithm with its sequence number. The figure shows the value of individual genes, corresponding to the value of the train's running condition. Figure 6 shows the change in the objective function for each generation in the improved genetic algorithm.
It can be seen from the graph above that the objective function value of the optimal solution decreases gradually with the increase in the hereditary algebra and remains unchanged from the 12th generation, which shows a good convergence. And it can be seen that the optimal global optimal solution, which satisfies the constraints and requirements, has been optimized by the algorithm.
The final simulation results are shown in Figure 7 . In Figure 7 , the solid green line is the speed limit of the train line, green dotted line is the forbidden releasing speed, the red curve is the train's driving curve obtained by the improved genetic algorithm, and the blue curve is the actual operating curve. The actual driving curve is a curve used to guide the actual operation of the driver. And it comes from the data recorded on the site of Shuo Huang Railway in this article. It is a curve that can be verified by the field and can guarantee the safety of train's running.
There are two or more continuous downgrades in front of the running line, and the train needs a cycle of air braking to adjust speed. To ensure the safety of train's operation, the speed of the train is forbidden to exceed the speed limit of the line. When the train is relieved, the speed must be greater than 30 km/h. So, the speed of the train is like a saw tooth's speed profile.
The decline in the curve means that the train is executing the braking order, and the speed drops until the relief point. The ascent of the curve means that the train has executed the mitigation order, and the speed is up until the braking point is reached. So, the actual curve is shown in the blue curve.
Result analysis. Figure 8 shows the error contrast between the simulation curve and the actual driving curve. 10,000,000 Over-speed penalty coefficient (b) 10,000,000 Figure 5 . Optimal solution and ordinal number. Figure 8 shows that the maximum value of the difference between the actual curve and the simulated one is nearly 4 km/h. The detailed comparison can be seen in Table 6 .
The first column in the table shows the running distance of the heavy-haul train, the second column shows the actual speed of the train at the corresponding distance, and the third column shows the running speed of the train's simulation corresponding to the second column. From this table, we can obtain the following conclusions: the maximum difference between the two speeds is 3.82 km/h, the mathematical expectation of the speed difference is 20.33146, and the variance is 1.41500. The average running speed of the train is 61.99 and 61.66 km/h, which is calculated by the driving curve and the actual operating curve.
The above calculated data indicate that the difference between the simulated driving curve and the actual curve in the same position is smaller. It can be seen from Figure 7 that the simulation curve and the actual control curve have similar air brake timing, mitigation opportunities, and operating trends.
In addition, to better illustrate the effectiveness of the algorithm, from the algorithm to optimize the target, we compared the simulation data with the actual train's operation data, as shown in Tables 7 and 8 . From the data of the above two tables, it can be seen that the simulated running time of the train differs from the actual running time by 53 s, and the simulated average speed of the train is 0.33 km/h away from the one of the trains.
It shows that the simulation curve is approximately consistent with the actual curve. It is further shown that the simulation is very effective.
In the same way, to verify the effectiveness of the algorithm, we added another track line, which has positive and negative slope values. Specific line data and simulation analysis are shown in Table 9 .
The final simulation results are shown in Figure 9 . The green line represents the actual driving curve of the train, and the blue curve represents the simulation curve. The further data of the two curves are compared to Table 10 .
The results show that the velocity difference between the two curves is close, and the simulation can calculate the running curve of the train. The effectiveness of the algorithm is further illustrated.
To further illustrate the advantages of the improved genetic algorithm, we use the standard genetic algorithm for the calculation, and the calculation results are shown in Figure 10 .
In the figure above, the solid green line is the speed limit of the train line, the green dotted line is the forbidden releasing speed, the black curve is the train's driving curve obtained by the standard genetic algorithm, and the blue curve is the actual operating curve.
Using the data above, the following conclusions can be worked out. The maximum difference between the two speeds is 5.21 km/h, the mathematical expectation of the speed difference is 4.8622, and the variance is 5.6183. The average running speed of the train is 59.80 and 61.66 km/h, which is calculated by the standard genetic algorithm and the actual operating curve. Table 11 is a comparison of the differences between the two different algorithms and the actual curve.
From the above table, the results of the improved genetic algorithm are closer to the actual driving curve. Moreover, the improved algorithm is less timeconsuming.
Conclusion
In this article, an improved genetic algorithm based on the train's running equation is proposed to ensure the safety of running trains in the intervals. This method does not require a large number of actual driving data as the basis. And in this method, the equations of train's operation and the train's driving strategies are related to each other. First, according to the line condition and the data of train's formation, the force analysis of the train's running process is carried out, then we find the constraint conditions, and establish the train's operation equation. Second, the train's running equation is coded to improve genetic algorithm. Finally, the optimal operation sequence is obtained, and we get the optimal train driving strategies to guarantee train's safety. According to the calculation results of improved genetic algorithm and standard genetic algorithm, the results of the improved genetic algorithm are more consistent with the actual driving curve. The conclusions are as follows based on the results of the improved genetic algorithm and the actual driving curve.
When the train is running on the line that satisfies the constraint condition (1), the method can be used to obtain the driving curve to ensure the safe operation of the train. The result shows that the maximum value of the difference is 3.82 km/h between the actual curve and the simulated one, and the mathematical expectation of the speed difference is 20.33146, which means that the average speed of both is very close. And the variance of the speed difference is 1.41500, which indicates that the shape of the simulation curve is very close to the actual curve. The train's simulated running time differs from the actual running time by 53 s. It shows that the simulation results can meet the punctuality rate of trains. In addition, the simulation curve and the actual curve have a similar air brake timing, mitigation opportunities, and operating trends. So, these data prove that our curve can guarantee safety and the method is effective and feasible for practical applications.
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